Longevity regulatory genes include the Forkhead transcription factor FOXO and the NAD-dependent histone deacetylase silent information regulator 2 (Sir2). Genetic studies demonstrate that Sir2 acts to extend lifespan in Caenorhabditis elegans upstream of DAF-16, a member of the FOXO family, in the insulin-like signaling pathway. However, the molecular mechanisms underlying the requirement of DAF-16 activity in Sir2-mediated longevity remain unknown. Here we show that reversible acetylation of Foxo1 (also known as FKHR), the mouse DAF-16 ortholog, modulates its transactivation function. cAMP-response element-binding protein (CREB)-binding protein binds and acetylates Foxo1 at the K242, K245, and K262 residues, the modification of which is involved in the attenuation of Foxo1 as a transcription factor. Conversely, Sir2 binds and deacetylates Foxo1 at residues acetylated by cAMPresponse element-binding protein-binding protein. Sir2 is recruited to insulin response sequence-containing promoter and increases the expression of manganese superoxide dismutase and p27 kip1 in a deacetylase-activity-dependent manner. Our findings establish Foxo1 as a direct and functional target for Sir2 in mammalian systems.
T
he mammalian FOXO family of forkhead transcription factors, Foxo1 (also known as FKHR), Foxo3a (also known as FKHRL1), and Foxo4 (also known as AFX) plays a key role in transmitting insulin signaling downstream of protein kinase B (also called Akt). In response to insulin, FOXO proteins are phosphorylated by protein kinase B, resulting in their nuclear exclusion (1) (2) (3) and subsequent degradation through ubiquitination (4) . Previous studies have established the diverse functions of FOXO proteins, including glucose metabolism (5-9), cell-cycle regulation (10) (11) (12) (13) (14) , apoptosis (1, 11, (15) (16) (17) , and oxidative stress resistance (18, 19) . Notably, accumulating evidence from works in Caenorhabditis elegans has uncovered that genetic determinants of longevity involve DAF-16, the nematode FOXO ortholog, downstream of the insulin͞insulin-like growth factor I signaling pathway (20) (21) (22) (23) .
A second longevity regulatory gene is the evolutionarily conserved histone deacetylase silent information regulator (Sir2) (24, 25) . Sir2 activity depends on NAD (nicotinamide adenine dinucleotide, oxidized form) (26) and links to various biological functions in budding yeast through transcriptional silencing of the silent mating-type loci, telomeres, and ribosomal DNA repeats (27) . Moreover, Sir2 increases longevity by suppressing ribosomal DNA homologous recombination (28) , and calorie restriction (CR), which extends lifespan in a wide variety of species, requires the NAD-dependent Sir2 activity in yeast (25) . Interestingly, genetic analysis demonstrated that, similar to its yeast counterpart, Sir2 extends lifespan in the nematode by negatively regulating a signaling pathway involving insulin-like hormones upstream of DAF-16, a member of the FOXO family (24). However, the molecular mechanisms underlying the requirement of FOXO activity in Sir2-mediated longevity remain unclear.
Here we show that Sir2 binds Foxo1 in vivo and in vitro and deacetylates it with specificity for K242, K245, and K262 residues, which are involved in transcriptional attenuation by cAMPresponse element-binding protein-binding protein (CBP)-induced acetylation. Furthermore, Sir2 enhances Foxo1-mediated transcription in a deacetylase-activity-dependent manner. These findings indicate that Sir2 serves as not a transcriptional silencer of gene(s) for the insulin-signaling pathway but rather as a transcriptional coactivator of Foxo1 that in turn increases antioxidant gene expression.
Experimental Procedures
Plasmids and Antibodies. The mutants of Foxo1 phosphorylation and acetylation sites were generated by site-directed mutagenesis. GST-Foxo1 deletion mutants were made by digesting the full-length cDNAs with appropriate enzymes or PCR-based subcloning into pGEX-5X (Amersham Pharmacia). p3ϫIRS-MLP-luc was generated by inserting three copies of the insulinresponse sequence derived from the insulin-like growth factorbinding protein 1 promoter into the luciferase reporter gene vector containing an adenovirus major late promoter. GAL4 DNA-binding domain-fused Foxo1 plasmid was constructed in pGBT9 vector and subcloned into the pcDNA3 vector. Mouse Sir2 cDNA in the pUSEamp vector was purchased (Upstate Biotechnology, Lake Placid, NY), and a hemagglutinin (HA) tag was inserted at the C terminus of Sir2 cDNA. A catalytically inactive mutant of Sir2, H355A, was generated by site-directed mutagenesis. The following antibodies were used: anti-HA (12CA5, Roche, Gipf-Oberfrick, Switzerland), anti-FLAG (M2, Sigma), anti-manganese superoxide dismutase (MnSOD) (Stressgen Biotechnologies, Victoria, Canada), anti-p27 kip1 (Transduction Laboratories, Lexington, KY), anti-␤-actin (Sigma), anti-acetylated lysine, anti-Sir2, and anti-CBP-CT (Upstate Biotechnology). The anti-Foxo1 antibody was as described (8) . Rabbit polyclonal antibody specific for Foxo1 acetylated at both K242 and K245 was raised against the Foxo1 peptide GKSGKSPRRR.
Cell Culture, Transfections, and Luciferase Assays. HepG2, HEK293, and HEK293T cells were cultured in DMEM supplemented with 10% FBS. To establish FK-1 and GM-1 cells, HEK293 cells were stably transfected with 3ϫIRS-MLP-luc and 5ϫUAS-MLP-luc plasmids, respectively. Transfections were performed by using FuGENE-6 (Roche). After transfection, cells were incubated in DMEM with 10% FBS for 24 h. Whereas GM-1 cells were continuously incubated for 18 h, FK-1 cells were serum-starved for 18 h. Luciferase and ␤-galactosidase assays were performed in triplicate, and representative experiments in the figures depict the average of three experiments with standard deviations indicated. The experiments in stably transfected cells were replicated in three independent clones to avoid clonal artifacts.
Immunoprecipitation and Western Blotting. HepG2 cells were serum-starved for 18 h and lysed in lysis buffer A (10 mM Hepes, pH 7.5͞100 mM KCl͞0.1% Nonidet P-40͞protease inhibitors). The lysates were immunoprecipitated with anti-Foxo1 or anti-CBP-CT antibodies. To detect Foxo1 acetylation in vivo, HEK293T cells expressing FLAG-Foxo1 were lysed and immunoprecipitated in lysis buffer B (50 mM Hepes, pH 7.5͞150 mM KCl͞1% Triton X-100͞10% glycerol͞5 mM sodium butyrate͞ protease inhibitors) and followed by Western blotting. For preparation of CBP or Sir2 proteins, HEK293T cells transfected with CBP-HA or Sir2-HA were lysed in radioimmunoprecipitation assay buffer (10 mM Hepes, pH 7.2͞150 mM NaCl͞1% Nonidet P-40͞0.1% SDS͞1 mM EDTA͞protease inhibitors) and immunoprecipitated with anti-HA antibody. After washing the beads, the immunoprecipitated CBP or Sir2 was used for in vitro assays.
GST Pull-Down Assays. GST fusion proteins were expressed in Escherichia coli strain BL-21 by using the pGEX vector system. In vitro binding assays were performed by incubating cell extracts from transfected HEK293T cells with various GST-fused proteins immobilized on glutathione-Sepharose in lysis buffer A. After incubation for 4 h at 4°C, the beads were washed four times with the same buffer, and proteins were analyzed by Western blotting.
In Vitro Acetylation Assays. Two micrograms of various GSTFoxo1 fusion proteins were incubated at 30°C for 1 h with immunoprecipitated CBP and 0. In Vitro Deacetylation Assays. GST-FHD and GST-C1 were first acetylated in vitro by using a GST-CBP-histone acetyltransferase (HAT) and 0.1 mM acetyl-CoA in the acetylation buffer. After washing the beads, the acetylated Foxo1s were incubated with purified Sir2, 1 mM NAD (Sigma), 5 mM nicotinamide (NIA) (Wako Biochemicals, Osaka), or 1 M trichostatin A (Wako Biochemicals) as indicated at 30°C for 1 h. The reactions were performed in a buffer containing 50 mM Tris⅐HCl (pH 9.0), 50 mM NaCl, 4 mM MgCl 2 , 0.5 mM DTT, 0.2 mM PMSF, 0.02% Nonidet P-40, and 5% glycerol. The proteins were analyzed by Western blotting and Ponceau-S staining.
Chromatin Immunoprecipitation Assays. Chromatin immunoprecipitation assays were performed with a previously described protocol (8) . Briefly, chromatin from crosslinked HEK293 cells was sheared by sonication and incubated overnight with antiFoxo1, anti-Sir2, and anti-CBP-CT antibodies or normal rabbit IgG followed by incubation with protein G-Sepharose saturated with salmon sperm DNA. Precipitated DNAs were analyzed by PCR using specific primers for human MnSOD and p27 kip1 promoters and the ␤-actin coding region. Results CBP Binds and Acetylates Foxo1 both in Vivo and in Vitro. Because we previously identified Foxo1 as an interactant of CBP by the yeast two-hybrid screen, we tried to confirm the interaction in mammalian cells. The coimmunoprecipitation assay revealed that endogenous Foxo1 and CBP could associate in HepG2 cells (Fig.  1A) . This result is consistent with the data demonstrating the interaction with DAF-16 and CBP in a mammalian two-hybrid system (29) . We further determined which portions of Foxo1 are important for the interaction with CBP. HA-CBP was transfected into HEK293T cells, and GST-Foxo1 protein mutants with a series of deletions were bacterially expressed. As shown in Fig. 1B , CBP exclusively bound the C terminus of Foxo1, which has been identified as the transactivation domain of Foxo1 (30) .
Next, because several examples of direct transcription factor acetylation by CBP have been described (31), we investigated whether Foxo1 is acetylated by CBP in a cellular condition. HEK293T cells were cotransfected with FLAG-Foxo1 and HA-CBP, and immunoprecipitated Foxo1 was probed with an antiacetyl lysine antibody. Consistent with previous data in erythroid progenitor cells (32) , Foxo1 was acetylated in HEK293T cells, and the extent of its acetylation prominently increased with the coexpression of CBP (Fig. 1C) . Furthermore, to identify the acetylation sites of Foxo1 by CBP, a series of GST-fusion Foxo1 deletion mutants were used for in vitro acetylation assays (Fig.  1D ). An immunoprecipitated CBP was able to acetylate Foxo1-⌬NT, FHD, and C1 regions, but not NT, C2, or C3 (Fig. 1E ). In the forkhead domain, the four lysine residues are present, encompassing amino acids 208-254, and the alanine substitution at the latter two lysine residues, both K242A and K245A, completely abolished acetylation, whereas each mutation still allowed acetylation to a lower extent (Fig. 1F Left) . Next, to identify the acetylated lysine residue(s) in the C1 region, we compared its sequence pattern with the CBP͞p300-mediated acetylation sites of histone H2B (33) and focused on K262, which is present between alanine and serine residues (AKS). Actually, K262A substitution significantly decreased the acetylation by CBP (Fig. 1F Right) . Finally, GST-Foxo1 3KA mutant was not acetylated (Fig. 1G) , suggesting that the three lysine residues of Foxo1, K242, K245, and K262, can serve as acetylation sites by CBP in vitro. These results were further confirmed by generating polyclonal antisera specific for both acetylated K242 and K245 (Fig. 1H) . Notably, the two acetylated lysine residues, K242 and K245, are addressed in the basic region of the forkhead domain and conserved in its related proteins, Foxo4 and Foxo3a, indicating that modification of the forkhead domain by acetylation may be highly conserved throughout the FOXO family members.
Acetylation of Foxo1
Mitigates Its Transcriptional Activity. To evaluate the effect of CBP on Foxo1-mediated transcription through its acetyltransferase activity, we performed luciferase assays in FK-1 cells, which were HEK293 cell clones chromosomally integrating the 3ϫIRS-MLP-luc plasmid. As shown in Fig. 2A , coexpression of wild-type CBP (CBP WT) significantly augmented Foxo1-mediated transcription (lanes 4 and 5). On the other hand, coexpression of a HAT inactive mutant (CBP ⌬HAT) was less effective on the CBP-mediated transactivation (lane 6), suggesting that CBP serves as a transcriptional coactivator for Foxo1 by acetylating histones and͞or Foxo1 on the chromosomal promoter. We next assessed the effect of Foxo1 acetylation by generating various acetylation-deficient Foxo1 mutants (Lys to Arg). Surprisingly, substitutions of the individual lysine residues at K242, K245, and K262 to arginine induced transcriptional activities by 1.5-to 2.0-fold compared with that of Foxo1 WT, and moreover, the triple substitution (3KR) of Foxo1 stimulated the promoter activity by 3.0-fold (Fig. 2B) . No differences were observed in the levels of ectopically expressed WT and mutant Foxo1 (Fig. 2B Lower) . This finding clearly indicates that acetylation of Foxo1 at the three lysine residues mitigates its transactivating function. Finally, to distinguish between the two substrates of an acetyltransferase CBP, namely histones or Foxo1, the WT or 3KR mutant of Foxo1 was cotransfected with CBP WT or ⌬HAT in FK-1 cells. As shown in Fig. 2C , CBP WT exhibited a marked increase in the Foxo1 3KR-mediated transcription compared with Foxo1 WT (lanes 2-4 versus lanes 7-9), suggesting that CBP-induced acetylation of Foxo1, but perhaps not of histones, attenuates its transactivation function. Also, similar to the effect on Foxo1 WT (lanes 5 and 6), CBP ⌬HAT was impaired in activating the transcription of Foxo1 3KR (lanes 10 and 11) . Thus, we concluded that CBP coactivates Foxo1-mediated transcription, presumably by acetylating chromosomal histones around the insulin response sequence (IRS)-containing promoter and thereby forming the preinitiation complex, but subsequent acetylation of Foxo1 leads in turn to its transcriptional attenuation.
Sir2 Binds and Deacetylates Foxo1. Considering the data discussed above along with the genetic correlation between FOXO͞ DAF-16 and Sir2 in longevity (24), it was possible that Foxo1 functionally associates with Sir2 as a deacetylase. To test this possibility, we first investigated whether endogenous Foxo1 interacts with endogenous Sir2 in mammalian cells. HepG2 cells were serum-starved, a condition under which Foxo1 accumulates in the nucleus, and a coimmunoprecipitation assay was performed by using an anti-Foxo1 antibody. As expected, the immunoprecipitated Foxo1 complex contained a slight but detectable amount of Sir2 (Fig. 3A) . The low efficiency of the coimmunoprecipitation seems to imply a condition, in response to which the binding of Foxo1 and Sir2 would increase. Next, we sought to determine which portions of Foxo1 are important for the interaction with Sir2 in vitro. Sir2 tightly bound immobilized GST-Foxo1 (full length) and its middle region (208-409 aa), which is around the forkhead domain, including the three acetylatable lysine residues (Fig. 3B) . To investigate further whether Sir2 could deacetylate Foxo1, we acetylated GST-Foxo1 (FHD, containing the CBP-dependent acetylated-lysine residues K242 and K245) and GST-Foxo1 (C1, containing the CBPdependent acetylated-lysine residues K262) (Fig. 1D ) and performed in vitro deacetylation assays by using an immunoprecipitated Sir2. As shown in Fig. 3 C and D , Sir2 efficiently deacetylated Foxo1 in an NAD-dependent manner. Moreover, the Sir2-mediated deacetylation of Foxo1 was significantly inhibited by NIA, an inhibitor of Sir2 (34), but not by trichostatin A, an inhibitor of class I and II histone deacetylases. These results indicate that Sir2 can preferentially deacetylate Foxo1 at K242, K245, and K262 in vitro. To verify the role for Sir2 in deacetylating Foxo1 in vivo, we transfected Foxo1 and CBP together with either Sir2 WT or a catalytically inactive mutant (H355A) in HEK293T cells. A great deal of Foxo1 acetylation was observed when Foxo1 and CBP were transfected; however, the acetylation level was substantially abrogated by expression of Sir2 WT (Fig. 3E, lanes 1-3) . In contrast, Sir2 H355A had no obvious effect on Foxo1 deacetylation (lane 4). These findings demonstrate that Sir2 is a bona fide deacetyltransferase for Foxo1.
Sir2 Up-Regulates FOXO-Targeted Gene Expression Through Its
Deacetylase Activity. To test whether Sir2 changes the properties of Foxo1, transcriptional activities were evaluated in FK-1 cells in which Sir2 and͞or CBP expression plasmids were transfected. Although potent transcriptional repression by Drosophila Sir2 has been shown in in vitro transcription systems (35) , expression of Sir2, interestingly, had a slight activation on Foxo1-mediated transcription in FK-1 cells (Fig. 4A, lanes 5 and 6) . Moreover, coexpression of both CBP and Sir2 together with Foxo1 potentiated the reporter activity 2-fold compared with CBP alone (lanes 7 and 8) . Given that the overexpression of CBP augments the level of acetylated Foxo1 (Figs. 1C and 3E) , the hypothesis could be drawn that Sir2 might increasingly deacetylate Foxo1, and it therefore up-regulates the transcriptional activity of Foxo1. To gain a better understanding of the consequence of Sir2-dependent deacetylation in Foxo1-mediated transcription, we established stable HEK293 cell clones (referred to as GM-1 cells) containing chromosomally integrated luciferase reporter plasmids with the GAL4 recognition sites (5ϫUAS-MLP-luc) and carried out a GAL4 mammalian one-hybrid assay. As shown in Fig. 4B , GAL4-Foxo1 stimulated the chromosomal GAL4-luciferase reporter, and coexpression of Sir2 WT significantly enhanced the reporter activity (lanes 5 and 6). Importantly, Sir2 H355A was completely impaired in the synergistic effect on Foxo1-mediated transcription (lane 7). These results implicate Sir2 as a positive cofactor for Foxo1-dependent transactivation through its deacetylase activity.
To verify the direct effect of Sir2 on FOXO-targeted gene expression including MnSOD (18) and p27 kip1 (16), we performed chromatin immunoprecipitation assays in HEK293 cells. Endogenous Foxo1, CBP, and Sir2 were recruited to Foxo1-binding sites of the MnSOD and p27 kip1 promoters but not on a ␤-actin coding region (Fig. 4C) . Next, to investigate whether the expression of MnSOD and p27 kip1 proteins are regulated by deacetylase activity of Sir2, HEK293 cells were treated with NIA in serum-starved conditions. As shown in Fig. 4D , the expression levels of both MnSOD and p27 kip1 were reduced in the NIA- by serum deprivation, and the addition of insulin, which inactivates Foxo1 transactivation function by nuclear exclusion, abolished these expressions (Fig. 4E, lanes 1-6) . On the other hand, cells expressing Sir2 H355A impaired the induction of these protein amounts along with serum deprivation (lanes 7-9). Together, these results indicate that deacetylase activity of Sir2 actually mediates Foxo1-mediated transcription in mammalian cells.
Discussion
Here we tried to elucidate the mechanisms of how Foxo1 and Sir2 communicate in mammalian cells. We found that Foxo1 is acetylated by CBP and that this acetylation is counteracted by Sir2. Furthermore, we demonstrated that Sir2 coactivates the transcriptional function of Foxo1 in a deacetylase-activitydependent manner. Based on these results, a speculative model would be that (i) formation of the Foxo1-CBP complex leads to histone acetylation and the recruitment of preinitiation complex containing RNA polymerase II to the target promoter, but (ii) the induced transcription could be attenuated by subsequent Foxo1 acetylation by CBP, after which (iii) Sir2 may restore Foxo1 function through deacetylase activity, and thereby Foxo1-mediated transcription could be sustained further. Such a model would be supported by the seminal findings that Drosophila Sir2 is associated with numerous euchromatic, constitutively active genes (36) and that Sir2-null mice provide no evidence for failure of gene silencing (37, 38) . Alternatively, more recent reports have shown that deacetylase activity of histone deacetylases is required for signal transducer and activator of transcriptiondependent gene expressions (39) (40) (41) . These findings lead us to conjecture that deacetylase enzymes may be generally involved in the transactivating mechanism.
Our present findings provide a direct and functional correlation between two genetic determinants of longevity, FOXO and Sir2, at the molecular level. Thus far, a plausible explanation of Sir2-dependent longevity in C. elegans has been the Sir2-mediated silencing of genes for components of the insulinsignaling pathway; namely, Sir2 represses the expression of genes upstream of FOXO͞DAF-16, which in turn attenuates the insulin signals and oppositely stimulates FOXO͞DAF-16 activity (24). In this study, however, we present a molecular mechanism in which opposing enzymatic activities of CBP (acetylation) and Sir2 (deacetylation) modulate the transcriptional ability of Foxo1 and propose that Sir2-mediated coactivation of FOXO͞ DAF-16 might account for its effect on longevity in C. elegans.
CR promotes longevity in a wide spectrum of organisms. Although it has been shown to require NAD and Sir2 in yeast (25) , the molecular mechanism by which CR extends lifespan is largely exclusive (42) . More recently, Lin et al. (43) demonstrated that CR reduces NADH levels, and the NADH is a competitive inhibitor of Sir2. Given that CR decreases the blood insulin level, our findings provide a model indicating that two major indicators of intercellular (insulin level) and intracellular (NAD͞NADH ratio) energy states converge to FOXO transcriptional regulation through multiple modifications: phosphorylation and acetylation, respectively. It is possible that CR efficiently enhances FOXO activity by down-regulating the insulin-signaling pathway and by up-regulating deacetylase activity of Sir2 and hence leads diverse organisms toward longevity.
As established previously (44 -46) , Sir2 also deacetylates p53 and down-regulates its transactivation function on damage-response target genes including proapoptotic factor BAX. Interestingly, while this article was under review, Motta et al. (47) and Brunet et al. (48) found that SIRT1, the human Sir2 ortholog, repressed the proapoptotic target genes for FOXO such as BIM and FAS ligand. These studies indicate that Sir2 could serve to resist stress-induced cell death cooperatively by repressing both p53-and FOXO-dependent apoptosis. In the present study, however, we demonstrated that Sir2 potentiates FOXO-dependent expression of an antioxidant gene, MnSOD. This finding suggests that an increased ability to detoxify reactive oxygen species mediated by Sir2 and FOXO slows oxidative damage and promotes endurance. Although additional study will be required to elucidate the mechanism underlying the opposite effect of Sir2 on FOXO activity, our findings together with recent reports imply that Sir2 may modulate the dual function of FOXO, cell death and survival, and consequently prolong lifespan.
